The Escherichia coli RNA polymerase core molecule, after denaturation in 6 M guanidine hydrochloride, can be completely reactivated in the absence of sigma subunit. Reactivation is temperature dependent. At 40 a renatured-inactive preparation is formed that has most of the secondary structure of the original native molecule but, has a reduced sedimettatijn coefficient and a smaller Stokes radius and is, therefore, of lower molecular weight. Upon warming to 370 the renatured.
Elucidation of the processes controlling RNA synthesis and thus leading to differential gene expression depends on a detailed knowledge of both the structure and the function of the components involved in transcription. In Escherichia coli, the enzyme DNA-dependent RNA polymerase probably catalyzes all RNA synthesis and is a central control point in transcription (1) . Several important aspects of the regulation of RNA polymerase activity arise-from the subunit structure of the enzyme. Holoenzyme (subunit composition a2B,3O) can initiate synthesis on intact duplex DNAs and binds to promoter sites with high affinity in vitro. Core enzyme (a2ft) is active only on synthetic templates or nonintact duplex DNAs in vitro (2) (3) (4) . After initiation of synthesis, a is probably released (5, 6 ) and the core molecule, which contains all the active sites necessary for RNA synthesis, continues to synthesize the RNA chain.
We have begun to examine questions that are related both to the holoenzyme-core relationship and the role of the a, fl and O' subunits. These are: (1) How is the assembly of the subunits into the complete core or holoenzyme molecule achieved? (2) Does the proper assembly of the a, fl, and ft' subunits depend on the presence of a? (3) What is the structural and functional role of each subunit in the intact core molecule? Clearly, subunits that are themselves in a native conformation and that can combine to form an active RNA polymerase molecule are necessary for the demonstration of genuine functionality. In addition, partial functions may be detectable only when groups of subunits are already combined Abbreviations: UV, ultraviolet In studies reported below, we examine the renaturation of the core molecule after denaturation in 6 M guanidine hydrochloride in order to determine the conditions necessary for reassembly, whether there is a requirement for sigma, and whether intermediates in the renaturation process can be isolated and identified. Related studies have shown that the RNA polymerase subunits are separated in concentrated urea solutions (7) (8) (9) . There is disagreement; however, as to conditions necessary for reactivation. Studies have shown that recovery of enzymatic activity after removal of denaturant is temperature dependent (9, 10) and independent of the presence of of subunit (8, 11) . One or another of these assertions has-been contradicted (8, 9, 12) . All studies agree that glycerol promotes reactivation and that substantial amounts of activity can be recovered under suitable conditions. Denatured preparations have not been characterized extensively; fluorescence spectral properties (11) and sedimentation characteristics, in glycerol gradients (8) are recovered upon renaturation. Some evidence has been presented for formation of intermediates of low molecular weight during reactivation (8, 12) .
Our evidence resolves certain discrepancies and presents new information about the conformation of the renatured protein and the existence of intermediate states.
MATERIALS AND METHODS
The RNA polymerase core enzyme was purified from -E. coli K12 and its activity determined by the method of Burgess (13) . All preparations were judged to be substantially pure when run on acrylamide gels containing sodium dodecyl sulfate (7) . Specific activity using calf-thymus DNA (Worthington) as template varied from 05-350 units/mg depending on the DNA preparation; this variation has also been noted by others (3) . Specific activity using a single preparation of poly-[d(A-T] (Miles Laboratories) was 620 units/mg. One unit incorporates 1 nmol of labeled AMP into RNA in 10 mii at 37°. The s20, of the enzyme in reactivation buffer (less glycerol) was 11.85 1 0.6. The A280:A2W ratio in the same buffer containing glycerol was 1.9. Enzyme concentration was determined at 280 nm using an AI% = 6.5 (13 Fig. 1 was preincubated at 370 for a given time; one aliquot was immediately assayed (-); other aliquots were cooled and assayed after further preincubation at 4°(0). All assays, 10 min at 37°. turation buffer has no activity and that the a subunit is separable from the # and #' subunits by molecular sieve chromatography. These results, along with the far ultraviolet circular dichroism (UV CD) spectra (see below) and the known effects of 6 M guanidine on subunit proteins, show that the molecule is dissociated and denatured in this solvent.
Conditions for Reactivation After Denaturation. We have confirmed the fact that reactivation buffer must contain glycerol and that recovery of activity is enhanced by a relatively high salt concentration.
The effect of temperature on the kinetics of reactivation is shown in Fig. 1 Fig.  3 , the recovery of specific activity is varied from 80 to 100% after 1 hr at 370, the ordinate records percent of maximum activity regained. The points were determined by preincubating aliquots of the protein solution that had been dialyzed overnight at 40 for an hour at the given temperature, cooling to 40 briefly, and then assaying at 37°. This method was used to eliminate any effects of the preincubation temperature on the assay system. Since all samples are at the same temperature just before assay, differential activities can arise only as a result of functional differences in the RNA polymerase and.not from differential melting of the DNA template. Because such melting effects are known to affect RNA polymerase activity in some cases (14) , this precaution is essential.
Although polyacrylamide gel analysis showed no sigma subunit, and therefore no holoenzyme, in our core preparations, we have also examined the temperature effects using The secondary structures of the inactive and reactivated renatured molecules and the native molecule were examined by comparing the far UV CD spectra (Fig. 4) Fig. 4 . After Olution, native and renatured-active fractions were assayed-(30 min at 37°) without further preincubation; renatured-in'active fractions were preincubatZed 1 hr at 3"7°p rior to assay., *, native; *, renatured-Active; O. renatur~ed--inac'tive. Coluimn void volume wgs determined by 'means of blue dextran (Pharmacia); catalase was from Worthington. Positions of peak fractions were determined by measurement of absoIbancies at 620 and 420 /m, respectively. tography (Fig. 5) , to examine the molecular weight differences between renatured-imictive, renatured-active, and native preparations. At high ionic strength in the absence of glycerol the core molecule has an 820oO value of 12.6 S and sediments as the protomeric species (17); the value of 11.8 S i-0.6 obtained from our preparations in renaturation buffer without glycerol is in good agreement with this value. AA shown in Table 1 , the native8s20, t is similar in the presence or absence of glycerol, and the renatured-active material also has an 820 ,. that is, within experimental error, the same as that of native priotein. The reniatured-inactive preparation has a markedly reduced sedimentation coefficient..
Since the reduced value of the sedimentation coefficient of the renatured-inactive preparation could arise either frotn a difference in molecular weight or shape, we have utilized molecular sieve Chromatography as an independent means of assessing relative differenceds in coefficients. The elution volume of a protein run on a molecular sieve is inversely proportional to the Stokes radius a (18) . The diffusion coefficient D is related to a by the equation:
where N is Avogadro's number and q is the viscosity. In Fig. 5 we show the elution patterns of native, renaturedactive and renatured-inactive preparations. The native and renatured-active molecules have the same Stokes radius, whereas the renatured-inactive preparation has a significantly greater elution volume and, therefore, a smaller Stokes radius.
This implies that the diffusion coefficient of the renaturedinactive preparation is greater than that of the native and renatured-active molecules. Consideration of Eq. 1 and the Svedberg equation, M RTS D(1 -Vp) [2] shows that, since 820,w of the native molecule is greater than 820.w of the renatured-inactive sample (Table 1) , the renaturedinactive preparation would have to have a smaller diffusion coefficient and a larger Stokes radius, if the molecular weights were the same. Since Fig. 5 shows the opposite result, the renatured-inactive preparation must have a lower molecular weight than the native and renatured-active preparations. The difference in 820o, shown in Table 1 is thus due to a difference in molecular weight. Furthermore, this necessarily implies that the renatured-inactive preparation comprises either separated subunits or subassemblies of subunits. The fact that the renatured-inactive preparation elutes slightly ahead of a catalase marker suggests that its average molecular weight is larger than that of the ,B' subunit (165,000) alone.
Although the plots of data from the ultracentrifugation runs indicate homogeneity in the preparations examined and the elution profiles reveal no obvious fractionation, these methods are probably not sensitive enough to detect the relatively small molecular weight differences of separate molecular species potentially present in the renatured-inactive preparation. It is of interest that' although the recovery of activity of the native and renatured-active material shown in Fig. 5 is high (92% and 78%, respectively), the recovery of activity of the renatured-inactive material is low (18%). This could arise either from concentration dependence (the peak native fraction in Fig. 5 (19, 20) . Teipel has shown that rabbit muscle aldolase regains activity much faster at elevated temperatures than at 00. At 00, the guamndine-free aldolase is highly structured, but has a lower molecular weight than the active renatured molecule (21) . Deal has also demonstrated temperature dependent renaturation of urea-denatured yeast glyceraldehyde-3-phosphate dehydrogenase (22) . In general, our results also agree with other studies on RNA polymerase that have demonstrated substantial reactivation after denaturation (8) (9) (10) (11) . It is perhaps significant that both studies showing the necessity for sigma subunit during reactivation (9, 12) have been performed after separation of subunits in 6 M urea and codialysis against ureafree buffer. It is possible that the extra manipulations involved in subunit separation somehow affect ability to renature or recombine in the absence of sigma. In addition preparations in 6 M urea may have residual structure, not present in 6 M guanidine, that interferes with the ability to recombine in the absence of sigma. Many proteins are known to be incompletely denatured in this concentration of urea (23) .
Since the renatured-inactive material is of lower molecular weight than the native molecule, it is a potential source of subunits or subunit assemblies that will combine to form a molecule similar to native RNA polymerase. Other conditions such as aging and dissociation under mild conditions have also been shown to produce preparations that sediment around 6-8 S (1). We have found (unpublished) that the renatured-inactive preparation is capable of binding rifampicin and contains at least one component capable of binding DNA. In addition, the renatured-inactive preparation can be resolved on acrylamide gels under nondenaturing conditions into discrete bands that should be amenable to submit analysis. These results reinforce our assertion that the renaturedinactive material is highly structured and that it will be useful in examining the structural and functional inter-relations of the RNA polymerase subunits.
